The electronic absorption. fluorescence excitation, and fluorescence emission spectra of a series of pteridines (lumazine, xanthopterin. isoxanthopterin, biopterin) and riboflavin (vitamin B 2 ) were measured at room temperature (298 K) in a number of solvents covering a wide range of polarities (dioxane, ethyl ether, chloroform, ethyl acetate, I-butanol. 2-propanol, ethanol, methanol, dimethylformamide, acetonitrile, and dimethyl sulfoxide) . The effects of the solvent upon the spectral properties are discussed . Experimental groundstate dipole moments were measured for selected compounds and were used in combination with the spectral data to evaluate their first excited singlet-state dipole moments by means of the solvatochromic shift method (Bakhshiev's and Kawski-Chamma-Viallet's equations based on the variation of the Stokes shift with the solvent dielectric constant-refractive index term). The theoretical ground and excited singlet-state dipole moments for all pteridines and riboflavin were calculated as a vector sum of the rt-component (obtained by the PPP method) and the a-component (obtained from a-bond moments). A second set of theoretical values was obtained by using the CNDO j2 method. A good agreement was observed between the experimental and the theoretical values. Excited singlet-state dipole moments are higher than the ground state values by 1 to 6 Debye units for all the pteridines under study with the exception of xanthopterin .
Introduction
Pteridine (1) is a heterocycle with four nitrogen atoms in a fused system consisting of a pyrimidine and a sion spectra similar to the bioluminescence of certain bacteria (8) . 5 4
However, in spite of these interesting properties, there ..i re relatively few studies devoted to the fluorescence J.nd phosphorescence characteristics of pteridines (9) . The effect of pH on the fluorescence maxima of a ~e ries of pterins, xanthopterins, isoxanthopterins, and lumazines was investigated by several authors (10-1·h Fluorescence spectra in relation to the chemical ~tructure of the pterin fluorophore were also studied by Polonovski et at. (15) and by Bertrand (16) . \fomzikoffand Santus (17) have shown that the bluetluorescing biopterin can act as a photosensitizer and is able to quench the fluorescence of tryptophan . Se veral authors reported on the fluorescence spectra of folic acid (18, 19) and riboflavin (vitamin B 2 ) (9).
Parker et al. (20) investigated the phosphorescence properties of several pteridines at room temperature and at 77 K. The fluorescence of flavins was found to depend on the structure of the side chain (21 , 22) . Also, Fritz et al. (23) demonstrated that the triplet lifetimes of flavins at room temperature vary widely with the substituent.
The goal of the present work was to investigate the effect of polar and nonpolar solvents upon the electronic absorption and fluorescence spectra of several selected biologically important pteridines and flavins , and to demonstrate the usefulness of the solvatochromic method for the evaluation of their excited singlet-state dipole moments. Furthermore, the experimental ground and excited singlet-state dipole moments were compared with the theoretical values determined by a combination of the PPP (PariserParr-Pople, n-LCI-SCF-MO) method (n-component) and the a-bond contribution (a-component). The CNDO/2 method was also used to calculate the ground-state dipole moments.
The compounds selected for our study were lumazine (2), xanthopterin (3), isoxanthopterin (4), biopterin (5) , and riboflavin (6) , and their formulas are shown in Scheme 1. Lumazine is formed by enzymatic deamination of pterin. Xanthopterin and isoxanthopterin are the pigments found in the wings of butterflies and in bees and wasps. Biopterin is available from various natural sources and was isolated from human urine.
And, of course, riboflavin is vitamin B 2 .
This research was undertaken within the framework of our systematic studies of excited-state properties of biologically important heterocycles (24 -34) . 
Materials and Methods

Chemicals
Instrumentation
Electronic absorption (ultraviolet and visible) spectra were obtained on a Cary 210 spectrophotometer. Fluorescence spectra were measured at 298 K using a Perkin-Elmer LS-5 spectrophotofluorometer.
Experimental determination of the dipole moments
The ground-state dipole moments were measured in morpholine-dioxane (10: 3, vol.) at 295 K , using a dipole meter DM-01 (Wissenschaftlich-Technische Werkstiitten, Weilheim, Germany) equipped with a DFL-2 cell as previously described (30 -32) .
Two formulas were used to determine the excitedstate dipole moments by the solvatochromic method.
Bakhshiev's formula (35):
where VA and VF are the absorption and emission maxima wavenumbers (in cm -I), respectively; jlg is the permanent dipole moment in the ground state; jle is the permanent dipole moment in the first excited singlet state; ao is the Onsager cavity radius; D is the solvent dielectric constant; and n is the solvent refractive index.
Kawski-Chamma-Viallet's formula (36 -38) :
where the meaning of the symbols is the same as in formula (1) .
The values of the solute cavity radii (ao) were calculated from the molecular vol ume of the pteridines according to Suppan's equation (39) :
where M is the molecular weight of the solute, (5 is the density of the solute molecule, and N is Avogadro's number (6.023 x 1023 mol-I). The solid-state densitites of the pteridines were determined pycnometrically (25 ml pycnometer) at 295 K , in the form of a suspension of the respective pteridines (300 to 600 mg) in kerosene (d~2 = 0.804). The results are summarized in Table 1 . The solvent functions FI and F2 are defined as follows:
The values of Fl and F2 for selected solvents are listed in one of our previous papers (30) .
Theoretical calculations of the dipole moments
Two different approaches were used to calculate the ground-state dipole moments of the compounds under study. In the first approach, a combination of the PPP (Pariser-Parr-Pople, n-LCI-SCF-MO) method (41 , 42) and the empirical a-bond moment contributions was used to obtain the total dipole moments, jl" of the selected pteridines and riboflavin, as a vector sum of the respective n-and a-contributions, jln and jl". These contributions were calculated in the same way as described in our previous papers on indoles, purines, quinazolines, phenothiazines, and pyrimidines (30 -34) . The calculations were carried out on a Hewlett-Packard HP 150 II Touchscreen computer (43) using analogous parameterization (30 -34) and the choice of the Mataga-Nishimoto formula for the bicentric electronic repulsion integrals (44) . The dipole moments evaluated by this procedure are summarized in Table 2 .
In the second approach, the total dipole moments of the pteridines 1-4 were calculated directly by the CNDO/2 method [cf. (34) ]. The geometries of the molecules were optimized using gradient techniques. All CNDO/2 computations were performed on the Cray X-MP/24 computer at the University of Texas Center for High Performance Computing, Austin, Texas. The dipole moments for the most stable conformers are given in Table 3 .
The excited singlet-state dipole moments were calculated using a combination of the PPP method and the empirical a-bond contributions. For the n-contribution, it was assumed that the most important part was represented by the 1 --l ' (HOMO --LUMO) n --n* transition. The a-contribution was assumed to remain the same as it was in the ground state, i. e. , the only change was in the a-component of the dipole moment. The excited singlet-state dipole moments calculated by this method for the selected pteridines and riboflavin are presented in Table 4 . __ --alues in Debye units were calculated by the PPP method. The 110 values were obtained as a vector sum of the a-bond -:-. . 7.~:1 lS and group moments. 11, is the calculated total dipole moment. The angle 6 t is the angle between the positive direction ot the x-axis and the total dipole moment read counterclockwise, for the orientation of the structures as shown in Scheme 1. The same applies to the angles 6 n and 6" for the 1[-and a-components, respectively. b A simplified model not containing the carbon side chain with the hydroxy groups was used in the calculations for 5 and 6 (see the formulas 7 and 8, respectively, as shown below). 
Results and Discussion
Experimental and theoretical ground-state dipole moments
In Table 5 , we have compared our experimental ground-state dipole moments with the calculated values. It can be seen that there is a satisfactory agree- , whereas the a contributions o"s" were assumed to remain the same as in the ground state (cf. Table 2 ). The dipole moments, 11, and the angles, 6, are defined in the same fashion as in Table 2 .
b For the models used in the calculations for 5 and 6, see the formulas 7 and 8, respectively, shown in Table 2 . Tables 2 and 3 indicates a relatively good agreement between the results obtained by the PPP/ a-contribution and the CNDO/2 methods (cf. also Table 5 ). Our previous experience (34) shows that, in general, the PPP/ a-contribution approach gives a better agreement with the experimental data than the CNDO/2 method, with the CNDO/2 dipole moments being noticeably higher.
Solvent effects on absorption and fluorescence spectra
We have studied the effect of solvents of different polarities and hydrogen-bonding abilities on the elec-. tronic absorption and fluorescence excitation and emission spectra of the pteridines and riboflavin. The spectroscopic data are summarized in Table 6 .
We have not observed any systematic shift in the absorption band maxima of the pteridines when varying the polarity of the solvent and/ or its hydrogenbonding ability, but we have found some peculiar changes in the absorption spectra when changing the sol vent. 
,
In the case of lumazine, the long-wavelength maximum in the 314 -330 nm region was red-shifted upon increasing the polarity of the solvent, from ethyl ether to dimethyl sulfoxide, with the exception of dioxane and acetonitrile which did not follow this trend. The molar absorption coefficients were close to 10 4 mol -1 cm -1 in most solvents, indicating the occurrence of 1t ~ 1t* transitions. An exception was ethyl ether which gave higher absorption coefficient values than expected.
In the case of xanthopterin, isoxanthopterin, biopterin, and riboflavin, the absorption spectra were characterized by an enhanced vibrational structure in hydro xylic solvents as compared to aprotic solvents (Table 6 ). This could be the result of the formation of a variety of hydrogen-bonded associations with the alcohol molecules. Moreover, we observed significant changes in the molar absorption coefficients. Generally, the £ values of the long-wavelength bands were significantly higher in dimethyl sulfoxide than in other solvents. For example, the absorption of isoxanthopterin at about 345 nm was 19 and 60 times greater in dimethylformamide and dimethyl sulfoxide, re- Pteridines / Vol. 3 ! NO. 3 spectively, than in methanol. Also, the absorption of riboflavin at about 450 nm was 6.5 and 13.5 times greater in dimethylformamide and dimethyl sulfoxide, respectively, than in 2-propanol. These solvent effects on molar absorption coefficients, which would correspond to more intense n -n* transitions, may be due to specific solvation of pteridines resulting from the particularly large nuc1eophilicities (as measured by the Koppel-Palm B parameters) and/or polarities (as measured by the Kamlet-Taft n* parameters) of dimethylformamide and dimethyl sulfoxide relative to those of alcohols (50) .
With the exception of lumazine, the fluorescence excitation gpectra resemble the absorption spectra (Figure 1 ) in most solvents, indicating the presence of only one IIlolecular species in both the ground and excited singlet states. However, in the case of lumazine, the fluorescence excitation spectra were significantly red-shifted with respect to the absorption spectra ( Figure 2 ) in all solvents. Also, the shape of the emission fluorescence spectra of lumazine depended, to some extent, on the excitation wavelength used. A new, red-shifted emission band in the 430 -450 nm region was observed in all solvents (with the exception of dioxane) when the excitation wavelength was about 270 -280 nm (Figure 3 ). This particular behavior may be attributed to the existence of a mixture of tautomeric species of lumazine in the excited singlet state, with the dilactam form emitting at about 380 nm (26300 cm -1), and the dilactim form giving a peak between 430 nm (23250 cm -1) and 455 nm (22000 cm -1) (see Scheme 2). Our interpretation is in agreement with the tautomerism hypothesis recently proposed by Klein and Tatischeff (14) in an attempt to explain the occurrence of two fluorescence emission bands from lumazine in an aqueous solution (in the pH 5.0-6.8 region).
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Scheme 2
In contrast, the fluorescence emission maxima of lumazine, biopterin, and riboflavin exhibited a significant red shift with an increase in solvent polarity ( Figure 4 ), whereas the maximum of xanthopterin was slightly blue-shifted when going from solvents with a low dielectric constant, such as dioxane and ethyl acetate, to highly polar solvents, such as alcohols, dimethylformamide, and dimethyl sulfoxide. For isoxanthopterin, no significant shift of the fluorescence emission maximum was observed when changing the polarity of the solvent from I-butanol to dimethyl sulfoxide.
Excited singlet-state dipole moments
To examine the excited singlet-state dipole moments of the pteridines and riboflavin, we have plotted the slope, the intercepts, and the correlation coefficients have been determined by means of the linear regression analysis (the least squares method; Table 7 ). It can be seen that the correlation coefficients exceed 0.92 indicating that both types of correlations are quite linear. However, while the Kawski-ChammaViallet correlations were obtained for most solvents under study, the Bakhshiev correlations were verified only for a limited number of solvents, and no meaningful Bakhshiev correlation was established for lumazine. Moreover, in the case of biopterin and xanthopterin, two distinct correlations were obtainedone for alcohols and another one for aprotic solvents, respectively ( Figure 5 ). The higher slopes in the case of the alcohols indicate the existence of specific solutesolvent interactions, such as hydrogen bonding (51) . Table 8 shows the excited singlet-state dipole moments determined from the slopes reported in Table 7 and using the experimental or calculated ground-state dipole moments. It can be seen that the dipole moments of all compounds are significantly higher in the excited singlet state than in the ground state, with the exception of xanthopterin which has practically the same dipole moment in both electronic states. The differences range between about 1 to 6 Debye units de- 
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,.' pending on the compounds . Also, it is worthwhile to mention that the experimental and theoretical values of the excited singlet-state dipole moments of a ll pteridines and riboflavin are in a satisfactory agreement (Table 8) . Indeed, the PPP theoretical calculations for the excited states also predict an increase of the polarity of the fluorescent state of most pteridines, as compared to the ground state. 
